Pathogenic deletion mutations of mitochondrial DNA (mtDNA) typically involve the loss of several hundreds to thousands of nucleotides encoding key proteins involved in the mitochondrial electron transport chain and ATP synthesis.
The accumulation of such mutant mtDNA molecules in a cell leads to mitochondrial dysfunction and cellular energy crisis. In humans, mtDNA deletion mutations cause mitochondrial diseases such as Kearns-Sayre Syndrome (KSS) 1, 2 , Chronic Progressive External Ophthalmoplegia (CPEO) 1,2 and Pearson Syndrome (PS) 3, 4 , and have been implicated in age-related diseases such as sarcopenia 5 . Mitochondrial DNA deletions have also been reported in tissues of patients suffering from Parkinson's disease 6 , epilepsy 7 , myositis 8 , Charcot Marie Tooth Disease (CMTD) 9 , diabetes 10 , and cancer 11 although their role in these diseases is less clearly defined.
The mechanism of mtDNA deletion formation is of fundamental importance for understanding loss of mtDNA integrity and has been a subject of great interest and debate 12 . A commonly reported feature of mtDNA deletions is the presence of direct repeat (DR) sequences flanking the deletion breakpoints [13] [14] [15] [16] . This observation has led to two major models of mtDNA deletion formation, namely the "slip-strand" model and the "double-strand break (DSB) repair error" model. The slip-strand model hypothesizes that mtDNA deletions occur during mtDNA replications, more specifically involving the strand-displacement mode of replication 17 . In stranddisplacement replication, the syntheses of the heavy and light mtDNA strands are not synchronized with the parental heavy strand being displaced during the replication of the leading strand. The displaced strand remains single-stranded until roughly 65% of the daughter heavy strand is synthesized. Such single-stranded heavy strand is prone to misalignments (i.e. hybridization of DNA sequences from different positions) with the exposed light strand, an error that involves DR sequences, leading to the formation of a deletion mutation 17 . But, this slip-strand hypothesis has recently been put into question 12 .
One of the main objections is that the slip-strand model requires the presence of "naked" single-stranded mtDNA regions during replication for DNA misalignments to occur. However, studies on mtDNA replication have demonstrated that the lagging-strand of mtDNA is in fact protected by mitochondrial single strand binding proteins or bound by RNA molecules and is therefore not as free and open as previously thought 18 .
Meanwhile, the DSB repair error model, like the name suggests, attributes mtDNA deletions to erroneous repair of DSBs. Direct support for DSBs as an initiating step in mtDNA deletion formation comes from transgenic mouse models expressing mitochondria-targeted restriction endonuclease [19] [20] [21] . Mitochondrial expression of these mtDNA targeting enzymes causes DSBs reliably at specific sequence locations (restriction sites) in the mtDNA. In these mouse models, induction of DSBs by this method promotes the formation of mtDNA deletions with breakpoints near the restriction sites. Endogenous and exogenous DNA insults that induce or promote DSBs, such as oxidative stress and ionizing radiation have also been shown to increase the occurrence of mtDNA deletions 7, 22 . Furthermore, there exist broad experimental evidence that mtDNA replication fork stalling, collapse of which also results in a DSB, promotes formation of mtDNA deletions (see for example, Wanrooij et al. 23 and references therein). In agreement with this observation, the mtDNA sequences in the neighborhood of deletion breakpoints have been shown to be enriched with sequence motifs that might induce mtDNA replication stalling, such as homopolymeric repeats 24, 25 , G-quadruplexes 26, 27 and stem-loops (SLs) 28 .
Despite the broad evidence for the involvement of DSBs in initiating mtDNA deletions, the mechanism by which DSBs contribute to mtDNA deletions and, more specifically, which of the DSB repair pathways is involved, has yet to be established.
In nuclear DNA, DSBs activate one of several DNA repair pathways, including nonhomologous end joining (NHEJ), micro-homology mediated end joining (MMEJ or alternative NHEJ), single strand annealing (SSA), homologous recombination (HR), synthesis dependent strand annealing (SDSA) and break induced replication (BIR) 29 .
Ex vivo experiments using mitochondrial extracts have demonstrated, to different degrees of confidence, the existence of mitochondrial NHEJ [30] [31] [32] , MMEJ 33 and HR repair pathways 34 . Mitochondrial BIR activity has been previously reported for yeast 35 , but the activity of this repair pathway in mammalian mitochondria has not yet been studied. One of the key features that differentiates these different DSB repair pathways is the length of homologous sequence (HS) around the DSB sites involved in initiating the strand annealing step of the repair process [36] [37] [38] [39] . The NHEJ pathway relies on very short HS of 0-5 bp, while the MMEJ and BIR pathways require short (micro) HS of at least 5-25bp 39 . On the other hand, SSA and HR both utilize and require longer HS of ≥30 bp and >100bp, respectively 36, 38, 40 . In addition, HR requires a template, for example from a sister chromatid, to repair DSBs. The length of the sequence homology around deletion breakpoints has therefore been commonly used as a genomic signature to deduce the repair pathway involved in deletion mutagenesis 41 . Except for HR, errors in each of the above DSB repair pathways have been shown to cause deletion mutations in nuclear DNA 29 .
In the context of the DSB repair error model, the length of the HSs associated with deletions can provide both discriminating and incriminating information to deduce the specific DSB repair pathway(s) involved in the deletion mutagenesis. In this study, we developed a novel computational method based on DNA hybridization thermodynamics, a mixture distribution model and a maximum likelihood approach, to characterize the involvement of DNA misalignments of various lengths near breakpoints in the formation of mtDNA deletions. More specifically, for a given set of mtDNA deletions, our method gives the composition of misalignment lengths, whose hybridization thermodynamics maximizes the likelihood of observing the observed breakpoint positions. We applied our method to analyze an exhaustive literature compilation of 9,655 deletion breakpoints within the mtDNA major arc region from human, rhesus monkey, mouse and rat. In addition, we sequenced 1,307 novel mtDNA deletion breakpoints of Caenorhabditis elegans using next-generation sequencing (NGS). Based on the results of our analysis, we formulated two hypotheses for the formation of mtDNA deletions initiated by DSBs.
Results

Mixture Model Formulation
Figures 1 and 2 illustrate the method used in this study to analyse mtDNA deletion breakpoints. The basic assumption of our analytical method is that DNA misalignments play a key role in the formation of mtDNA deletions. Given a set of deletion breakpoints, the method determines the composition of misalignment lengths that maximizes the probability for the nucleotides surrounding the observed breakpoints to participate in a thermally stable DNA misalignment, evaluated using the DNA hybridization thermodynamics. The key steps of the method are briefly described below (for detailed description refer to Online Methods).
For a given mtDNA deletion, we assign a two-dimensional window of analysis consisting of light (L) and heavy (H)-strand nucleotide pairs centered around the breakpoint position (see Fig. 2 ). We assume that the nucleotide pairs within the window of analysis (one from the L-strand and another from the H-strand) are as accessible for misalignment as the observed breakpoint. For the window of analysis, we extract a 201 bp L-strand sequence centered on the 5' breakpoint position and a 201 bp H-strand sequence centered on the 3' breakpoint position (see Fig. 2b ). The nucleotide pairs in the window of analysis can have different probability or likelihood to participate in a DNA misalignment, depending the sequence homology and the length of misalignments considered. We use DNA hybridization thermodynamics to compute the length-specific likelihood value for each nucleotide pair in the window of analysis, relative to the neighbouring pairs, to be involved in a DNA misalignment of a given length (see Fig. 1 and Online Methods). A misalignment with a lower free energy of hybridization is more thermally stable and thus has a higher likelihood to form according to the Maxwell-Boltzmann statistics 42 . Here, the DNA misalignment length involved in the formation of a mtDNA deletion is the unknown variable of interest. The length of the most likely contributing sequence is expected to be different from one mtDNA deletion to another, and thus one expects a mixture or composition of misalignment lengths for any set of mtDNA deletions.
In our analysis, the length of DNA sequences hypothesized to take part in misalignments near the breakpoints spans from short DR motifs to 100 bp long duplexes 15, 43 . We include misalignment lengths between 0bp and 100bp, specifically 0, 5, 10, 15, 20, 25, 50, 75 and 100bp. The 0bp length accounts for a misalignmentindependent (sequence independent) formation of mtDNA deletions. For the calculation of 0-bp length likelihood, we utilize the uniform distribution, instead of the DNA hybridization partition functions, following the principle of equal a priori probability 44 . For each misalignment length, we further divide the window of analysis into 10bp × 10bp bins, and assigned the length-specific likelihood of each deletion to that of the bin containing the breakpoint (see Online Methods). The length-specific likelihood value of a bin is set to the sum of the length-specific likelihoods of all nucleotide pairs in the bin. The binning strategy is implemented since the deletion breakpoint may occur in the proximity of -not within -the DNA misalignment.
We utilize a mixture model to evaluate the misalignment likelihood of a deletion as a linear combination of the length-specific likelihood values corresponding to the aforementioned set of lengths (see Fig. 2 ). Finally, we To test if our method is able to recover the DNA misalignment length composition in cases where the true composition is known, we generated in silico nucleotide position pairs as benchmark datasets using Monte Carlo sampling for several pre-specified length compositions (see Online Methods). The analysis of the benchmark in silico datasets demonstrated that the ability of our method to accurately recover the pre-specified misalignment length composition used in the in silico data generation (see Supplementary Methods and Supplementary Fig. 1 ). In addition, for each of the real dataset used this study, we performed our entire analysis using different window and bin sizes to test for any dependence of the results on these parameters. We found a high degree of correlation among runs using widely varying parameters. Thus, the general findings of our study did not sensitively depend on the sizes of the window of analysis and the binning (see Supplementary Fig. 2 ). 
‫כ‬
, we adopted a Monte Carlo approach by generating 100 in silico random breakpoint datasets, running the analysis as described above to each in silico dataset, and computing the sample variance of the 100 in silico θ m 's. For more details, we refer the readers to Online Methods.
Mammalian mtDNA deletions predominantly exhibit short and medium length misalignment signatures near breakpoints
For our main analysis, we compiled an exhaustive compendium of 9,655 mtDNA deletion breakpoint positions previously reported in human, rhesus monkey, mouse and rat, and categorized these deletions into 15 groups based on the species and the experimental conditions (patient groups used, mutant strains, treatment conditions; for more details see Table 1 ). This compendium comprised, to the best of our knowledge, all mutant sequences publicly available at the time of this study. The first class of mtDNA deletions that we analyzed were those reported in transgenic mice expressing mitochondria-targeted restriction enzymes PstI and ScaI (see Fig.   3a ) [19] [20] [21] . Overexpression of restriction endonucleases introduces DSBs at specific restriction sites in the mtDNA sequence and results in mtDNA deletions typically with one or both breakpoints located in direct proximity to these restriction sites.
Since this class of deletions derived from DSBs, the mtDNA deletion breakpoints We subsequently analyzed three groups of mtDNA deletions found in wildtype (WT) rats and mice without any transgenic expression or diseases (Figs. 3b -d) .
The rat dataset and one of the mouse datasets comprised mtDNA deletion breakpoints gathered from different reports in the literature (see Supplementary Document 2). The second and larger mouse dataset included mtDNA deletion breakpoints from a single NGS study 45 . The results of our analysis of these datasets, as depicted in Figures 3b -d , show misalignment length compositions that resembled that of DSB-induced mtDNA deletions above. Again, the largest fraction of the deletions is associated with short misalignments, with the medium lengths having a lower contribution and the long misalignments having the lowest fraction. The similarity in the misalignment characteristics to DSB-induced mtDNA deletions supports an important role of DSBs in the formation of mtDNA deletions in WT mice and rats.
The aforementioned NGS study also generated mtDNA deletion breakpoints for mice heterozygous for sod2 gene expression. Mitochondrial superoxide dismutase (Sod2) converts superoxide anions (O 2 -) generated from electron transport chain into hydrogen peroxide, and a complete lack of Sod2 (homozygous Sod2 -/-) results in early postnatal lethality in mice 46, 47 . Meanwhile, heterozygous Sod2 +/-mice suffered increased mitochondrial oxidative damage, higher burden of mtDNA point mutations, more frequent mtDNA replication stalling and elevated levels of recombined mtDNA molecules 48 . The breakpoint hotspots also coincided with G-rich regions in the mtDNA H-strand, suggesting increased oxidative damage (8-oxoG) as the causative factor of higher levels of mtDNA deletions in the Sod2 +/-mice 45 . Our analysis of mtDNA deletion breakpoints in these Sod2 +/-mice ( Figure S6 in the original publication 48 ). In addition to its putative function as a helicase, TWINKLE has been shown to catalyze DNA recombination 49, 50 . A recent study further demonstrated that strand exchange activity of TWINKLE requires 3-6 bp sequence homology 50 The one exception to this pattern is the autosomal polg mutations. POLG is the sole DNA polymerase present in mammalian mitochondria. Mutations in polg gene cause defects in the mtDNA replication process, leading to mtDNA depletion and mutations, including deletion and point mutations 25, 51 . The associated mtDNA deletions have breakpoints near HPs and GQs, sequence motifs that are known to induce replication stalling 25, 26 . Our analysis of mtDNA deletion breakpoints from autosomal myopathy patient with compound polg mutations, indicates that these mtDNA deletions are associated with only short HSs (see Fig. 4h ). The lack of involvement of medium and long HS in mutant POLG dataset is in agreement with a previous study demonstrating a role of POLG in misalignment-dependent DSB repair in human 52 . More specifically, the study showed that the common 4,977 bp mtDNA deletion in human could be induced artificially by DSBs, through a mechanism that requires a functional POLG. In addition, other DNA polymerases, such as Pol-θ, have previously been shown to directly take part in micro-homology (i.e. medium length) mediated end joining DSB repair in nuclear DNA 36 .
In summary, our analyses of mtDNA deletion breakpoints from four mammalian species, including human, point to a shared mtDNA deletion mutagenesis mechanism, involving predominantly DNA misalignments of short and medium HS lengths (0-25bp). In the context of DSB repair, the significance of short to medium HS misalignments is indicative of erroneous NHEJ and/or MMEJ pathways.
Meanwhile, DNA misalignments of >25bp appear to have little or no involvement in the formation of mtDNA deletions. Except for PstI and ScaI transgenic mice dataset, the damage that initiates the formation of mtDNA deletions for other datasets used in our study is unknown and likely arises from multiple sources. However, the similarity of the misalignment length compositions for PstI and ScaI mice, WT mice and rats, and Sod2 +/-mice, gives support to the involvement of DSBs and oxidative damage in the deletion mutagenesis in rodents.
Ageing associated mtDNA deletions in nematode C. elegans
As the analysis of mammalian mtDNA deletions above provided evidence for a shared mutagenesis mechanism among the mammals, we carried out an analysis using mtDNA deletions from a different phylum, more specifically C. elegans. The short life span of C. elegans and their amenability to genome scale genetic manipulations make the nematode a powerful model organism to study the biology of ageing, including the mechanisms of mtDNA deletion formation. Similar to mtDNA deletions reported in mammals 13 , a small number of mtDNA deletions and breakpoints have been reported in C. elegans and these tend to be flanked by DRs 53,54 .
More specifically, 5 out of 6 known age-related mtDNA deletions sequenced in C.
elegans have DRs flanking their breakpoints 53, 54 . In this study, we used NGS to generate a much larger dataset, identifying 1,307 unique age-related mtDNA deletion breakpoints in C. elegans sampled at three different ages: days 4 (371 deletions), 7
(416 deletions) and 10 (520 deletions). Consistent with previous reports 53, 54 , a large fraction (82%) of these mtDNA deletions were flanked by DRs of ≥3 bp. Our analysis of the mtDNA deletion breakpoints in C. elegans suggests that short and medium misalignments are most important with only a negligible involvement of lengthy misalignments (see Fig. 5 ). This observation is consistent with our findings from rodent and primate mtDNA deletions. The results from nematodes from different age groups differ only slightly. Thus, age-related mtDNA deletions in C. elegans, like those seen in mammalian species (see above), are associated mainly with short and medium HS misalignments, indicating that the mechanism of mtDNA deletion mutagenesis appears to be conserved across distant taxonomic groups. At the same time, the low contribution from long misalignments excludes HR as a main source of mtDNA deletions. In contrast to our finding on the lack of involvement of lengthy misalignments, a previous study by Guo et al. using mtDNA deletion breakpoints from human frontal cortex found that the breakpoints are over-represented in regions of mtDNA sequences that can form highly stable 100-bp misalignments 43 . However, while Guo et al. and our study were both based on the same DNA hybridization thermodynamics, our analysis differed from that in Guo et al. in two major aspects;
(1) we used the thermodynamic partition function values to account for the thermal stability of all feasible duplex configurations based on the Maxwell-Boltzmann statistics 42 , whereas Guo et al. relied on only the duplex configuration with the minimum free energy value; (2) we took into consideration the DNA misalignments of different lengths, whereas Guo et al. considered only 100bp long misalignments.
When we repeated the analysis of Guo et al. using the same breakpoints but allowing for shorter misalignment lengths, more specifically 5, 10, 25, 50 and 100 bp, we observed over-representation of deletion breakpoints in regions of mtDNA forming stable duplexes for each of these lengths, suggesting that there is, in fact, no contradiction between the two studies insofar as both methods identify the same sequences (see Supplementary Fig. 4 and Supplementary Methods).
There still exists an obvious inconsistency between the 2 -25 bp short deletions commonly caused by NHEJ/MMEJ errors, and the 1000s of bp long deletions observed in mtDNA. Despite the rarity of large deletions resulting (>1000bp) from erroneous NHEJ/MMEJ repair, studies of nuclear DNA have shown a scenario involving multiple DSBs by which these repair errors could cause such deletions 63, 64 . We therefore posit that multiple DSBs (at least two) on a single mtDNA molecule could initiate the formation of a large deletion, where the DNA ends from two distinct DSBs are misjoined by NHEJ/MMEJ repair (see Fig. 6a ). Here, any two distantly located DSBs on a mtDNA molecule might come into a close proximity to each other because of the folding and packing of mtDNA by mitochondrial transcription factor A (TFAM) 65 . Alternatively, the misjoining of distant DSB ends can occur if the mtDNA sequence in between these ends is degraded. The recombination between two mtDNA molecules, each with a DSB, may also result in a deletion mutation 19 . But, such events have been shown to take place only very rarely in vivo 19 and is therefore unlikely to contribute significantly to mtDNA deletion formation under physiological conditions.
Is there an alternative explanation where a single DSB could cause large mtDNA deletion? In order to explain the D-loop hotspot among mtDNA deletions found in the PstI transgenic mice, Srivastava et al. 21 proposed that one of the ends of By generating in silico deletion breakpoint datasets using the misalignment length compositions from the analyses of WT human and mouse datasets, we found that the in silico mtDNA deletions have breakpoints that are as near to a DR as the reported mtDNA deletions (see Supplementary Fig. 5 ). Thus, the deletion mutagenesis mechanisms, involving short and medium length misalignments, proposed in this study are able to explain the commonly observed features of mtDNA deletions.
Methods:
Deletion breakpoint positions and mitochondrial DNA sequences In this study, we have considered only the deletions occurring within the mtDNA major arc region in mammals, as deletions involving the minor arc were much less frequent. Within each group of mtDNA deletions, identical breakpoint positions were accounted only once.
In the analyses, we used the complete, annotated mtDNA sequences for human (NC_012920), rhesus monkey (NC_005943), mouse (NC_005089), rat (X14848) and nematode worms (NC_001328) from NCBI database. The breakpoint positions were reported based on the L-strand nucleotide sequence.
C. elegans strains and maintenance
The strain JK1107 (glp-1) was cultivated and maintained at 25 °C to prevent progeny.
Preparation of nematode growth media was done as previously described 68 with the addition of Streptomycin (Sigma) at the final concentration of 200 µg/ml.
Streptomycin-resistant bacteria strain (Escherichia coli OP50-1) was added to the solid media at 10 10 cells/ml.
Extraction and purification of mtDNA
Adult worms were harvested on day 4 (young), 7 (middle-aged) and 10 (old). Worms were washed off plates using ice-cold M9 buffer 68 and allowed to settle on ice, 
NGS Sample Preparation
An approximately 6.3kB PCR product (positions 1800 -8100 in C. elegans mtDNA) from purified mtDNA was fragmented to an average size of 350 base pairs using analyzed for size distribution and quality using a DNA high sensitivity chip on a Bioanalyzer 2100 instrument (Agilent). Libraries were quantified by qPCR (Kapa Biosystems), normalized and equally pooled for sequencing. Sequencing was performed on an Illumina miSeq using a 2x150bp sequencing kit. Fastq files were generated on-board the miSeq. The quality of the data was confirmed using FastQC prior to bioinformatic analysis.
Analysis of probability of DNA-DNA misalignments within mtDNA major arc
In the analysis of mtDNA deletion breakpoints, we used DNA hybridization thermodynamics to assign the length-specific likelihood of a particular nucleotide pair, one from the L-strand and another from the H-strand, to be involved in a We also compared the optimal (log-) likelihood value of the mtDNA deletion breakpoint analysis with the distribution of (log-) likelihood values from the in silico datasets. In general, the optimal likelihood values from the analysis of mtDNA deletion datasets were not significantly different from the optimal likelihood values from the in silico datasets generated using the same optimal ߠ ‫כ‬ , indicating that the mixture distribution model was able to describe the likelihood of the observed mtDNA breakpoint positions as well as that of the in silico generated breakpoints.
Generation of in silico breakpoints data
In silico breakpoint set is a set of breakpoint pair positions that are computationally 
Statistical analysis
Statistical analyses were performed using in built functions in MATLAB (version 2015a; MathWorks, Inc.). Two-sided z-test was used for statistical comparison of log -ikelihood values between dataset and in silico generated samples. 
